1. Introduction {#sec1}
===============

In recent years, the global incidence of cancer has steadily increased. Therefore, considerable efforts have been made in the improvement of the therapeutic options and treatments of cancer. An effective treatment can prevent postoperative tumor recurrence and enhance the survival and quality of life of patients. Thus far, radiotherapy and chemotherapy remain the main clinical treatment options [@bib1], [@bib2], [@bib3], [@bib4]. Chemotherapeutic drugs have an inherently high cytotoxicity, and therefore their oral or intravenous administration leads to organ damage, including hepatotoxicity and nephrotoxicity, decreasing the patient\'s health and quality of life [@bib5], [@bib6]. Local administration is an effective method to reduce chemotherapeutic toxicity by placing the drug directly in the tumor resection site, which does not only remove residual tumor cells and prevent tumor recurrence, but also reduces systemic damage of the drug to normal cells. The key issue to achieving local chemotherapy administration is the development of suitable drug delivery systems (DDS) with long-term drug release profiles that simultaneously promote tissue reparation. Several local administration DDS have been developed, including micelles, hydrogels, and nanoparticles; however, control of their burst release profiles and low drug loading remains a challenge [@bib7], [@bib8], [@bib9], [@bib10].

Electrospinning is a method to fabricate ultrafine fibers with diameters ranging from the micro to the nano scale. Recently, fibers prepared through electrospinning have been widely applied in the biomedical field, including as tissue engineering scaffolds, as drug carriers, and in wound reparation. The great success of these materials is due to the combination of inorganic and organic components as raw materials and the similarity of their physical properties to those of the extracellular matrix, namely a large surface to volume ratio, a high porosity, and an interconnected pore structure [@bib11], [@bib12], [@bib13], [@bib14]. Therefore, compared to other drug carriers, electrospun fibers can promote tissue regeneration [@bib15], [@bib16]. Nevertheless, drug loading in electrospun fibers is often limited by the solubility of the drug and the solvent concentration in the mixed solvent system.

Herein, we developed a DDS via a solvent-free melt electrospinning method in order to address the solvent limitation issues [@bib17], [@bib18], [@bib19]. Poly (ε-caprolactone) (PCL) was selected as the drug carrier due to its low melting point (about 60 °C) and its suitability in the melt encapsulation of several drugs [@bib20], [@bib21]. Furthermore, the long degradation time of PCL makes it suitable for long-term drug release. Daunorubicin hydrochloride was chosen as the model drug due to its excellent fluorescence properties, allowing observation of its dispersion within the matrix.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Poly (ε-caprolactone) (*M*~w~ = 40,000) was a commercial product from Shenzhen Polymtek Bomaterial Co. Ltd. (China). Daunorubicin hydrochloride (CAS: 23541-50-6, particle size: 0.1--0.8 μm) were purchased from Dalian Meilun Biology Technology Co. Ltd. (China). All the other chemicals were of analytical reagent grade and used without further purification.

2.2. Melt electrospinning {#sec2.2}
-------------------------

PCL was heated into a melt at 90 °C with a self-made electrical heater. Subsequently, daunorubicin hydrochloride was added into the PCL melt and stirred by mechanical agitation until the melt color became a uniform red; three daunorubicin hydrochloride mixtures were prepared, with drug concentrations of 1, 5, and 10% by weight, respectively. The melt was then transferred to a heated syringe to maintain the temperature at 90 °C. When a voltage of +30 kV was applied to the melt, the melt jet was formed and collected on the metal plate, placed on the front of the syringe at a distance of 15 cm; the melt flow rate was set to 1.5 mL/h.

2.3. Characterization {#sec2.3}
---------------------

The fiber morphology was characterized by scanning electron microscopy (SEM) at an accelerating voltage of 15 kV. All samples were dried under a vacuum prior to coating with a thin layer of gold. The diameters of the resulting fibers were analyzed using software Image J. The fluorescence of the drug-loaded fibers was characterized by fluorescence microscopy (Olympus BX53, Japan). FT-IR spectra of the drug-loaded fibrous membranes were recorded in the ATR mode with an IR spectrophotometer (Nicolet iS5, USA) within the 4000--400 cm^−1^ range. X-ray diffraction analysis was performed using an X-ray diffractometer (Bruker D8 Advance, Germany) equipped with a Cu-Kα source, operating at 40 kV and 100 mA.

2.4. Drug release {#sec2.4}
-----------------

Drug-loaded samples were dissolved in dichloromethane and the drug was extracted in PBS. The actual drug content was measured via UV--Vis spectrometry (λ = 490 nm) and calculated using a predetermined drug calibration curve. To evaluate the drug release profile of the drug-loaded fibrous membranes, 2 g of the drug-loaded sample were transferred to a flask containing 1000 mL of PBS (pH 7.4) and stirred with a magnetic stirrer at 100 rpm and 37 °C. At various time points, 2 mL of the release medium were retrieved and replaced by fresh PBS. The amount of released drug was determined by UV--vis spectrophotometry.

2.5. Cytotoxicity {#sec2.5}
-----------------

Two tumor cell lines (HeLa cells and glioma cells (U87)) were selected as model cells to assess the cytotoxicity of the drug-loaded PCL melt electrospun fibrous membrane. HeLa cells were cultured in H-DMEM, supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin in a normal CO~2~ incubator at 37 °C. U87 cells were cultured in L-DMEM containing 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C and 5% CO~2~. When cells reached 80--90% confluence, they were trypsinized and counted with a hemocytometer.

The drug-loaded PCL melt electrospun fibrous membranes were cut into small pieces of equal weight (5 mg) and placed at the bottom of 24-well plates, followed by sterilization under UV radiation for 12 h. Subsequently, cells were added to each well at a density of 1 × 10^6^ cells/mL in 2 mL of medium per well and cultured in a humidified atmosphere with 5% CO~2~ at 37 °C. The culture medium was refreshed every 2 days using a medium simultaneously incubated with the drug-loaded sample (5 mg/mL) in order to maintain the concentration of released drug at the corresponding time point.

For MTT assay, the cells were incubated in MTT (5 mg/mL) for 4 h in 5% CO~2~ at 37 °C. Then, 100 μL of sodium dodecyl sulfate (10 wt% SDS in 0.01 M HCl) were added to each well and incubated for 24 h to dissolve the internalized purple formazan crystals. The absorbance was measured at 570 nm with a reference wavelength of 630 nm using a microplate reader (Bio-RAD680, Bio-rad Co., USA).

2.6. Statistical analysis {#sec2.6}
-------------------------

Origin 8.0 (Origin Lab Inc., USA) software was used to analyze the obtained data. One-way Analysis of Variance (ANOVA) was employed for the statistical analysis of the data. All measurements were performed in triplicate and all values were expressed as means ± standard deviation (SD).

3. Results and discussion {#sec3}
=========================

3.1. Morphology {#sec3.1}
---------------

The morphologies of the drug-loaded fibers are shown in [Fig. 1](#fig1){ref-type="fig"}. Most fibers appeared curled, demonstrating the typical morphology of melt electrospun fibers following solidification and condensation from the melt jet [@bib20], [@bib22]. Moreover, the fiber diameters were 2.48 ± 1.25, 2.51 ± 0.78, and 2.49 ± 1.58 μm for the 1, 5, and 10 wt% drug-loaded samples. Thus, the fiber diameters remained largely unchanged, likely due to the high viscosity of the melt decreasing the influence of the drug on the spinning process [@bib23]. In addition, the fiber surfaces were smooth without the appearance of drug crystals or other impurities, indicating that the drug was encapsulated inside the fiber.Fig. 1SEM images of PCL melt electrospun fibers containing daunorubicin hydrochloride at (a) 1 wt%, (b) 5 wt%, and (c) 10 wt%.Fig. 1

3.2. Fluorescence {#sec3.2}
-----------------

Due to the high fluorescence of daunorubicin hydrochloride, the dispersion of the drug was clearly observed through fluorescence microscopy ([Fig. 2](#fig2){ref-type="fig"}). The fluorescence intensity increased with increasing drug content, with extensive bright spots throughout the fiber, demonstrating that, although the drug was encapsulated inside the melt electrospun fiber, the dispersion was not uniform. The lack of uniform dispersion may be attributed to repulsion between the hydrophilic drug and the hydrophobic PCL matrix, leading to the aggregation of drugs within the fibers.Fig. 2Fluorescence images of PCL melt electrospun fibers containing daunorubicin hydrochloride at (a) 1 wt%, (b) 5 wt%, and (c) 10 wt%.Fig. 2

3.3. FT-IR {#sec3.3}
----------

The FT-IR spectra of the samples are shown in [Fig. 3](#fig3){ref-type="fig"}. Characteristic peaks at 2949 cm^−1^, 2865 cm^−1^, 1727 cm^−1^, 1297 cm^−1^, 1245 cm^−1^, and 1190 cm^−1^ were observed for PCL, corresponding to the asymmetric CH~2~ stretching, symmetric CH~2~ stretching, carbonyl stretching, C--O and C--C stretching in the crystalline phase, asymmetric C--O--C stretching, and OC--O stretching vibrations, respectively [@bib24]. Two characteristic peaks belonging to daunorubicin hydrochloride at 1618 cm^−1^ and 1576 cm^−1^, assigned to the stretching of hydrogen-bonded quinone carbonyl groups and C=C stretching vibrations, respectively, were observed in the spectrum of daunorubicin hydrochloride-loaded PCL melt fibers [@bib25]. Moreover, the peaks assigned to daunorubicin hydrochloride and PCL were not observed to shift with changes in drug content, further indicating a lack of interaction between the drug molecules and PCL.Fig. 3FT-IR spectra of (a) daunorubicin hydrochloride, (b) pure PCL melt electrospun fiber, and (c--e) PCL melt electrospun fibers containing daunorubicin hydrochloride at (c) 1 wt%, (d) 5 wt%, and (e) 10 wt%.Fig. 3

3.4. *In vitro* drug release and cytotoxicity {#sec3.4}
---------------------------------------------

As a DDS for the local administration of tumor therapy, maintaining a relatively stable drug concentration at the focus of the lesion is of great significance to the removal of residual tumor cells. Thus, the drug release rate and sustained release time are important factors of the DDS. [Table 1](#tbl1){ref-type="table"} shows that the drug loading efficiency of the fibers was above 95% for all three drug concentrations, with the values decreasing with increasing drug content. This is likely due to high drug concentrations leading to an increase in drug aggregation, resulting in a lack of uniform dispersion of the drug within the PCL fibers.Table 1Drug-loading efficiency of PCL melt electrospun fibrous membranes.Table 1SamplesLoading efficiency (%)PCL-1 wt% drug99.68 ± 0.45PCL-5 wt% drug96.03 ± 3.98PCL-10 wt% drug95.76 ± 4.55

[Fig. 4](#fig4){ref-type="fig"} depicts the release profiles of daunorubicin hydrochloride from PCL melt electrospun fibers at the various drug concentrations. The release rate profiles show a two-stage process, wherein there is a slow release during the initial 3--4 days, subsequently followed by a slightly higher release rate; this phenomenon was more obvious with the increasing drug content.Fig. 4Release profiles of PCL melt electrospun fiber containing with daunorubicin hydrochloride at (a) 1 wt%, (b) 5 wt% and (c) 10 wt%.Fig. 4

During melt electrospinning, fibers are formed by the cooling and solidification of the melt jet, and therefore crystals may form through rearrangement of the molecular chains of PCL [@bib23], [@bib26]. Indeed, XRD analysis ([Fig. S1](#appsec1){ref-type="sec"} in SI) confirmed that the crystallinity of the PCL melt electrospun fibers was similar to that of pure PCL. In this case, the high degree of crystallization and the hydrophobicity of the PCL melt electrospun fiber inhibited the penetration of water and the diffusion of the drug, thereby avoiding a burst drug release. However, after a period of time, water was able to diffuse within the fibers through the amorphous regions due to the loose arrangement of the molecular chains, thereby releasing a large amount of drug [@bib26], [@bib27]. Thus, this is observed by the turning point in the drug release curve, and was more obvious with increasing drug content. In addition, the drug-loaded PCL melt electrospun fibers showed potential as long-term DDS considering that the drug release ratio was only 20% after 2 weeks, even when the drug content in the fiber was up to 10 wt%.

Two tumor cell lines (HeLa and glioma (U87) cells) were cultured on the surface of the various drug-loaded PCL melt electrospun fibers and assessed by the MTT assay in order to detect the cytotoxicity of the fibers ([Fig. 5](#fig5){ref-type="fig"}). The drug-loaded PCL melt electrospun fibers exhibited excellent antitumor properties, significantly inhibiting tumor cell growth, with the effect increasing with increasing drug content. Daunorubicin hydrochloride was selected as a model hydrophilic drug, although several other antitumor drugs could also be embedded within the PCL melt electrospun fiber.Fig. 5MTT assay of HeLa (A) and U87 (B) cell survival following treatment with PCL melt electrospun fibers containing daunorubicin hydrochloride at (a) 1 wt%, (b) 5 wt%, and (c) 10 wt% (\**P* \< 0.05, \*\**P* \< 0.01).Fig. 5

4. Conclusions {#sec4}
==============

In summary, daunorubicin hydrochloride-loaded PCL fibrous membranes were fabricated by melt electrospinning as an antitumor DDS for the local administration of tumor therapy. The fibers had a smooth morphology, with the hydrophobic drug almost completely encapsulated within the fiber, although aggregation of the drug increased with increasing drug content. Melt electrospinning enhances the crystallization of the drug-loaded PCL fibrous membranes, resulting in a slow drug release rate and a long-term release period. The drug-loaded PCL fibrous membrane also exhibited an excellent effect on the inhibition of tumor cell growth. Therefore, PCL melt electrospun fibers may be a potential candidate for long-term DDS in the local administration of tumor therapy.
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